Delayed juvenile dispersal is an important prerequisite for the evolution of family-based social systems, such as cooperative breeding and eusociality. In general, young adults forego dispersal if there are substantial benefits to remaining in the natal nest and/or the likelihood of dispersing and breeding successfully is low. We investigate some general factors thought to drive delayed juvenile dispersal in the horned passalus beetle, a family-living beetle in which young adults remain with their families in their natal nest for several months before dispersing. Fine-scale population genetic structure indicated high gene flow between nest sites, suggesting that constraints on mobility are unlikely to explain philopatry. Young adults do not breed in their natal log and likely disperse before reaching breeding age, suggesting that they do not gain direct reproductive benefits from delayed dispersal. We also examined several ways in which parents might incentivize delayed dispersal by providing prolonged care to adult offspring. Although adult beetles inhibit fungal growth in the colony by manipulating both the nest site and deceased conspecifics, this is unlikely to be a major explanation for family living as both parents and adult offspring seem capable of controlling fungal growth. Adult offspring that stayed with their family groups also neither gained more mass nor experienced faster exoskeleton development than those experimentally removed from their families. The results of these experiments suggest that our current understanding of the factors underlying prolonged family living may be insufficient to explain delayed dispersal in at least some taxa, particularly insects.
Introduction
Cooperative brood care occurs when both breeding and nonbreeding adults care for offspring at a single nest. Intriguingly, this social system has evolved independently many times across a wide variety of animal taxa, from eusocial insects to humans (Sherman et al., 1995; Hrdy, 2007) . The majority of these societies also have in common a family-based social organization in which breeders receive help from their adult offspring (Emlen, 1995; Koenig & Dickinson, 2004; Drobniak et al., 2015) . In these family-based societies, offspring helping is generally preceded by the evolution of young adults remaining in the natal nest or territory after reaching maturity, a behaviour commonly referred to as delayed dispersal (Ekman, 1994; Emlen, 1995; Ekman et al., 2001; Boomsma, 2009; Howard & Thorne, 2011; Drobniak et al., 2015) . An understanding of the factors that first give rise to delayed dispersal and prolonged family cohesion is therefore critical to our understanding of the evolution of more complex societies.
In general, young adults tend to delay dispersal when there are substantial benefits from staying with the natal group or the likelihood of successfully dispersing and breeding independently is low (Emlen, 1982) . For instance, young adults that stay with their family groups might obtain direct breeding opportunities (Richardson et al., 2002; Biedermann, 2007) , inherit the natal nest or territory (Pe & Weissing, 2000; Komdeur & Edelaar, 2001; Kokko & Ekman, 2002) , increase their inclusive fitness from helping kin (Hamilton, 1964; Bourke, 2014) , gain prolonged access to vital resources (Ekman et al., 2000; Kokko & Ekman, 2002) or enjoy increased defence against predators (Sherman, 1985; Griesser et al., 2006) . Low breeding success resulting from limited mates or breeding territories (Walters et al., 1992) , harsh breeding conditions (Emlen & Wrege, 1991) or high dispersal costs (Wong, 2010) may also favour prolonged retention of adult offspring prior to dispersal, particularly if remaining in the natal territory allows adult offspring to occupy a safe, familiar area while waiting for conditions to improve (Ekman et al., 2004) . Which of these factors are most critical in driving the evolution of family living, however, seems to vary considerably among taxa. For instance, dispersal costs and limited resource availability have been shown to strongly influence reduced natal dispersal in many cooperative vertebrates, yet there is little evidence that these same constraints play a major role in the dispersal decisions of cooperative insects (Herbers, 1986; Bull & Schwarz, 1996; Brockmann, 1997; Field et al., 1998; Sumner et al., 2010; Rehan et al., 2011) . Studies aimed at understanding the factors that incentivize young adults to delay dispersal from a diversity of taxa are particularly valuable as these might identify general mechanisms underlying the vast distribution of familybased cooperative systems.
Here, we explore three factors that could contribute to prolonged family cohesion in the horned passalid beetle, Odontotaenius disjunctus (Illiger) (Coleoptera: Passalidae): limited dispersal ability, opportunities for early breeding in the natal nest and prolonged parental care through adulthood. Passalids live and breed in decaying logs in subsocial family groups consisting of both parents and offspring that remain in their natal nest even after reaching adulthood (Schuster & Schuster, 1985 , 1997 . For the vast majority of beetles, care is terminated at or long before offspring pupate (Hunt & Simmons, 2002; Ward et al., 2009) . Passalid parents, however, construct pupal cells for pupating offspring and continue to cohabit with young adult offspring for weeks to months after they eclose from their pupal cells as callow, or teneral, adults (Valenzuela-Gonz alez, 1993; Schuster & Schuster, 1997) . The long period of family cohesion exhibited by the passalids is thus a comparatively radical case of delayed dispersal and prolonged parental care with respect to their taxonomic placement. The advantages of remaining in these prolonged family aggregations are currently unknown, although several nonmutually exclusive explanations may contribute to this behaviour:
Dispersal constraints
Behavioural observations of the horned passalus suggest limited movement ability, with dispersal occurring primarily via short-distance terrestrial travel [estimated dispersal distance < 15 m, (Jackson et al., 2009) ]. This limited mobility coupled with a strong dependence on patchily distributed nest sites (decaying logs) suggests that constraints on dispersal could play a major role in promoting prolonged family living. We examine evidence of dispersal constraints by assessing fine-scale relatedness structuring using genotyping-by-sequencing in a natural population of horned passalids. If dispersal between breeding resources is particularly difficult, we would expect to see strong spatio-genetic structuring within the sampled population.
Opportunities to breed in the natal nest
For some cooperative breeders, the opportunity to breed in the natal nest before dispersing is a major benefit of family living, particularly for female helpers (Richardson et al., 2002; Biedermann, 2007) . Young adult passalids might also gain direct fitness benefits by staying and reproducing in their natal tunnels. If young adults breed in the log in which they were born, we would expect close kinship between breeders residing in the same log. We examined relatedness patterns among breeders within and between logs to test this prediction.
Prolonged parental care
Finally, young adults might also benefit from feeding in the presence of close kin if they receive prolonged care from their parents or siblings. Wood is a nutritionally poor, difficult to process resource, and parents might enhance the survival or development of their offspring by processing and maintaining this resource for their mature offspring (Howard & Thorne, 2011; Nalepa & Arellano, 2016) . Passalids rely on a community of microbial symbionts that act as an external rumen to process wood in their tunnels, making their nesting environment highly susceptible to pathogenic fungal growth. Behavioural observations of parental activity suggest that the majority of parents' time is spent processing the wood and frass resource (Dillard, 2017) . This behaviour could function to enrich the resource with symbionts or nutrients, but it might also function to inhibit bacterial or fungal growth. First, we asked whether parents might aid in maintaining and preserving the nest sites for their offspring by examining their ability to control fungal growth in the colony. Second, to determine whether parents provide developmental benefits to young adults that stay in the nest, we experimentally compared mass gain and cuticle development between young adults that stayed with their families to those artificially isolated from their social group.
Although prolonged parental care is becoming increasingly recognized as a major factor promoting family living in birds (Ekman et al., 2001; Drobniak et al., 2015) , there has been little research into the ways in which parents might care for adult offspring in family-living insects. Specifically, the mechanisms promoting the retention of adult offspring per se in insects are very poorly understood, despite growing research on the various ways in which insect parents provide care for subadult offspring [reviewed in Wong et al. (2013) ]. Because the most highly eusocial insect societies appear to have evolved from a subsocial, familyliving ancestor, it is important to understand the factors that could incentivize prolonged family living for young adults (Boomsma, 2009; Howard & Thorne, 2011) . Passalids provide a particularly compelling model for assessing the factors that promote prolonged family living because young adults in these systems provide temporary help before eventually dispersing to breed on their own. In this sense, the passalids closely resemble the cooperative vertebrates in which helpers often go on to breed independently after their tenure helping (Sherman et al., 1995) , and therefore may have evolved prolonged family living for similar reasons. By investigating insect systems such as these, we are able to test the generality of our current explanations for the evolution and maintenance of family living across a diversity of taxa as well as to better understand the evolutionary origins of complex family-based social systems.
Materials and methods

Study species
Passalids are primarily tropical, large-bodied beetles (14-80 mm long) that inhabit decaying logs (Schuster & Schuster, 1997;  Fig. 1 ). They excavate extensive tunnel systems (galleries) in these logs where they feed on rotting wood and frass -a combination of chewed wood and faeces (Schuster & Schuster, 1997) . Most passalid species studied to date appear to be socially monogamous, and both the male and female parent cooperate in caring for their young by constructing and defending tunnels, processing the decaying wood for larvae and building pupal cells for offspring (Schuster & Schuster, 1997; Dillard, 2017) . During the first few weeks following pupal emergence, young adults, also known as tenerals at this stage, are callow, poorly sclerotized and easily damaged (Fig. 1 ), yet these individuals may remain in their family groups for several months after their exoskeleton develops (Schuster & Schuster, 1997; Jackson et al., 2009; personal observation) . During this period, young adults have also been observed assisting in brood care by constructing pupal cells for younger siblings, although the fitness consequences of this behaviour are unknown (Schuster & Schuster, 1985 , 1997 Valenzuela-Gonz alez, 1993) . For the horned passalus, one of the few passalids that occupies a temperate range, both males and females delay dispersal after maturation (Jackson, 2010) . Adults of this species generally disperse either during the fall of the year they hatched or overwinter with their family group and disperse in the following spring (Jackson et al., 2009; personal observation) . Ninety-two horned passalus beetles encompassing 20 family groups (63 larvae, 29 breeding-age adults) were collected from six decaying logs along the Gray's Arch trail in the Red River Gorge Geological Area, part of the Daniel Boone National Forest, Wolfe County, Kentucky, during the summer of 2013 (Fig. 2) . This site was selected for two major reasons: (1) the logs in this site were large and each contained several families (average 3.3 families/log) and (2) this site was geographically small (~150 m 2 ), yet contained a high density of logs, allowing for assessment of between-log dispersal patterns at a biologically meaningful scale. A sixth log was chosen~1 km away from the main five-log cluster to capture relatedness structuring that might occur at a scale larger than that of the~150-m 2 plot.
DNA extraction and genotyping
Genomic DNA was extracted from prothoracic and head tissue from euthanized adult and larval beetles, respectively. Care was taken to avoid rupturing the gut during tissue extraction to reduce contamination by gut symbionts. Prothoracic tissue was lysed in buffer containing a 39 concentration of cetyl trimethylammonium bromide (CTAB) before undergoing a standard phenol/chloroform extraction procedure. DNA from each sample was then screened for quality (gel electrophoresis) and quantity (Quant-iT TM DS DNA Assay, Carlsbad, CA, USA) and shipped to Cornell's Institute for Genomic Diversity for genotyping-bysequencing optimization and library preparation following the methods of Elshire et al. (2011) . Each sample was first digested using the restriction enzyme Pst1 before 'barcode' and 'common' adaptors were ligated to the ends of DNA fragments for individual identification and PCR amplification and Illumina indexing, respectively (Elshire et al., 2011) . Following ligation, the DNA fragments were pooled and amplified via PCR and finally sequenced on an Illumina Hi-Seq 2000/2500 flowcell (San Diego, CA, USA) (Davey et al., 2011; Elshire et al., 2011) . Like other reduced representation sequencing techniques, genotyping-by-sequencing allows for the discovery of many sequences from a large, unbiased portion of the genome that, by selecting with restriction enzymes, are shared among many individuals (Davey et al., 2011) . The resulting sequences, or reads, can then be aligned within and between individuals to identify single nucleotide polymorphisms (SNPs) that can be used for genotyping.
Sequence analysis
Raw sequencing data were analysed using the UNEAK pipeline in TASSEL 3.0, which is comprised of a series of programs designed for identifying SNPs without the use of reference genome (Bradbury et al., 2007; Lu et al., 2013) . This program filters reads for quality and trims sequences to a length of 64 base pairs. Identical sequences are then grouped together to form tags. The number of sequences needed to form a tag is specified by the parameter 'coverage', which we set to the default value of 5 (Lu et al., 2013) . The UNEAK program then uses pairwise alignment of tags to group together those that differ by a single base pair into networks. A network filter then determines whether these base pair mismatches represent true SNPs or sequencing errors based on both coverage and an error tolerance rate [here specified to 0.01, consistent with the average error rate of Illumina Hi-Seq systems, (Glenn, 2011) ]. The resulting 'true' SNPs were then filtered such that only those loci for which 80% of individuals were genotyped were included, resulting in a final panel of 1323 SNPs.
Local dispersal, gene flow and population structure
Gene flow between logs was quantified by estimating pairwise F ST values in the program SPAGeDi (Hardy & Vekemans, 2002) . These analyses were performed separately for larvae (n = 63) and adults (n = 29), as well as male (n = 12) and female (n = 17) adults, to assess population structuring for these different classes of individuals. We quantified pairwise F ST between adults and larvae separately, and between each sex separately for adult beetles, as sex biases in dispersal are common in cooperative breeders (Koenig & Haydock, 2004) . Isolation by distance (IBD) was calculated by regressing F ST values against corresponding natural logarithms of linear distances (metres), and negative F ST values were set to zero. To assess the significance of F ST estimates and IBD regression metrics, we used a 1000 permutation Mantel test with a sequential Bonferroni correction for the F ST values (Rice, 1989) .
Simulations of population structuring
Although simulations have suggested that large SNP data sets require lower sample size thresholds than microsatellite-based approaches for estimating genetic differentiation measures such as F ST (Willing et al., 2012) , we nevertheless sought to test for power given the low number of adult beetles recovered from each log. We utilized the program SPOTG (Laval & Excoffier, 2004; Excoffier & Lischer, 2010; Hoban et al., 2013) to estimate anticipated F ST values given a broad array of hypothesized migration rates. We ran the Connectivity Module using six populations in accordance with our six sampling logs, with an average of ten individuals in each population. Although our field sampling likely recovered all individuals from each log, we chose to conservatively estimate that only half of the individuals present in each log had been sampled. We selected hypothesized migration rates of 0.1, 0.01 and 0.001 migrants per individual and ran 500 permutations for each of these three scenarios.
Question 2: Do young adults breed in the log in which they were born?
Pairwise relatedness values between all beetles in the 92-beetle sequencing sample were calculated using the Queller & Goodnight (1989) method in SPAGeDi with the 1323 SNP panel (Hardy & Vekemans, 2002) . To determine whether individuals stay in their natal log to breed, relatedness coefficients between individuals in the same log (within-log) were compared to those of individuals in different logs (between-log). As with the population structure analysis above, we first compared within-log and between-log relatedness patterns using just larvae to understand how clusters of family groups create kinship structuring. We then repeated this analysis using only the adults to determine whether breeding-age adults demonstrated similar kinship patterns, thus testing whether adults do in fact breed in the same logs as their parents and siblings. High within-log relatedness for the breeding adult population would indicate that young adults do not disperse from their logs, but rather inherit their nest or disperse by budding from their natal galleries. As with our analysis of population structure, these analyses were also performed separately on adult males and adult females to assess sex differences in breeding behaviour.
Analysis
Standard Wilcoxon rank sum tests are inappropriate for pairwise comparisons of relatedness due to the nonindependence of data points that arises from each individual having multiple pairwise relatedness values in the data set (Wolf & Trillmich, 2008) . We controlled for this nonindependence by following the methods of Wolf & Trillmich (2008) , which involve creating a null distribution of W test statistics from random permutations of the original data set. Ten thousand permuted data sets were created by assigning random categories (i.e. within or between) to each relatedness coefficient from the original data set, while maintaining the original proportion of categories. A standard Wilcoxon rank sum test was then performed for each of these simulated data sets to generate the null distribution of W test statistics. The W test statistic generated from the original empirical data set was then compared to this distribution, with the proportion of test statistics in the null distribution lying outside of the empirical test statistic interpreted as the Pvalue (Wolf & Trillmich, 2008) . Simulation and analyses were performed in R version 3.3.2 (R Core Team, 2017).
Question 3: Does prolonged parental care or nepotism enhance young adult development?
Fungal inhibition
Pilot trials indicated that deceased beetles kept in solitary treatments tend to grow white mould soon after
death, whereas this growth was never observed in colonies with active living beetles (personal observation). Because fungal growth on deceased beetles is predictable and fast, we used this phenomenon to assay adult beetles' ability to inhibit fungi in their nests. We placed bits of wood and frass and a single deceased beetle in 36 large plastic Petri dishes (6″L,1″H, Pioneer Plastics, Dixon, KY) and added living beetles to half of these (n = 18). We monitored growth of the white mould on deceased beetles and the surrounding substrate in both treatments (with and without living beetle) to determine whether beetles appear to actively inhibit fungal growth. These beetles were collected solely for use in this experiment and were not included in either sequencing or other additional experiments. Dishes were stored at room temperature in the laboratory, stacked randomly with respect to treatment and covered with a light-blocking curtain to avoid disturbing active beetle behaviour. Dishes were examined daily for 27 consecutive days for fungal growth and modifications to the deceased beetles (e.g. buried, moved, consumed or degraded). Final proportions of replicates in each treatment that exhibited fungal growth were compared using a Pearson's chi-squared test in JMP Pro 12 (SAS Institute Inc. 2017).
Parents' influence on development of young adults
To determine the effects of family living on post-eclosion development, adult offspring from seven colonies were randomly selected to either remain with their family group (family treatment; 7 colonies, 24 young adults) or were removed and housed individually (solitary treatment, n = 19 offspring). As with the fungal experiment, these colonies were collected for the sole purpose of this experiment and were not included in sequencing or any other experiment. Beetle colonies containing teneral adults were collected during Fall 2013 and placed in experimental treatments immediately. Locking plastic containers were used to house families (14″ 9 11″ 9 3.25″h) and individuals (11″ 9 6.625″ 9 2.75″h) in the laboratory. Both treatments were kept with decaying wood and frass gathered from the original collection site and covered with light-blocking curtains to simulate the darkness of the log habitat. Each family treatment contained five individuals, including both parents and young adults, because pilot data suggested this to be the optimal number of beetles that can be housed together in the given container dimensions. Five 'family groups' contained two parents and three juvenile adults, whereas two families contained only a single parent and four juvenile adults. Tarsi were clipped in unique patterns from all juvenile beetles so that each could be individually recognized throughout the experiment. Every individual was weighed at the beginning of the experiment, and weighed weekly thereafter for 8 weeks (three families) or 6 weeks (four families), depending on the initial date of family collection.
Melanization (darkening) and sclerotization (hardening) of the exoskeleton typically occur simultaneously (Andersen, 2010) ; therefore, colour change was measured to assess overall exoskeleton development. Colour change in the mesosternum was used to measure melanization over time because this is the last body section to melanize in passalid beetles (personal observation). Reflectance spectra were obtained between 500 nm and 800 nm, a range determined by preliminary measurements of melanized and unmelanized beetles, with a USB200 spectrometer (Ocean Optics, Inc., Dunedin, FL, USA) standardized to a white standard (WS-1,~98% transmission; Ocean Optics) and a black standard (a fully melanized beetle mesosternum). We used mature beetles as the black standard, or zero, so that lower reflectance values could be interpreted as closer to the melanization level of mature adults. Measurements were taken in a dim room with the probe/ light source held directly to the mesosternum of each beetle at the start of the experiment and again every other week for a total of four time points. Although it would have been ideal to begin this experiment with beetles that had just emerged from their pupal cells, horned passalids are not readily reared in captivity and colonies are somewhat asynchronous in the field. Young adults of the different colonies therefore varied slightly in age. All young adults, however, were easily identified as tenerals and likely only differed in age by 2-3 weeks.
Analysis
To determine whether the presence of family members influenced mass gain or exoskeleton development, multiple linear mixed models were fit with 'mass' or 'sclerotization' as the dependent variable in JMP Pro 12 (SAS Institute Inc. 2017). In both models, fixed effects included 'week' (week since experiment began), 'treatment' (family or solitary) and the interaction term 'treatment*week'. A significant effect of this last interaction term would indicate that treatment influenced mass gain or cuticular development over time. Because measures were repeated for individuals, and multiple individuals originated from the same colony, the nested random effects terms 'colony' and 'individual' were also included.
Results
How well can individuals disperse from their natal log?
When only larval offspring were considered, significant relatedness structuring by log was observed, and nearly all F ST values between logs were significantly different from zero after a sequential Bonferroni correction ( Table 1a ). Given that offspring are structured within
families within logs, this was expected. No such structuring, however, was observed when this analysis was restricted to just the breeding adults, and no significant F ST values were found for any pairwise log comparisons after Bonferroni correction (Table 1b) . When further restricted by sex, still no structuring was apparent for either sex (Table 1c,d ). Despite the restriction of low sample sizes for all adults and when each sex was examined separately, pairwise F ST values remained indistinguishable from zero even when more populated logs were compared and our SPOTG simulation results (Table 2) suggested adequate power for detecting population structuring at low migration rates. Isolation-bydistance patterns were nonsignificant for natural log of distance for all categories of individuals analysed (all adults: P = 0.13, larvae: P = 0.96, females: P = 0.11, males: P = 0.68, Fig. 3 ).
Do relatedness patterns suggest that young adults breed in their natal log?
When only larvae were assessed, relatedness was significantly higher within logs than between logs (permuted Wilcoxon test: P < 0.0001, within-log r = 0.04 AE SD 0.14; between-log r = À0.03 AE SD 0.05; Fig. 4 ). When only breeding adult beetles were considered, however, there was no evidence that individuals within logs were more closely related to each other than they were to other adult beetles outside of their log (permuted Wilcoxon test: P = 0.12; average within-log r = À0.02 AE SD 0.05; between-log r = À0.03 AE SD 0.06). If breeders within logs were first-order relatives, which would occur if individuals remain to breed in their natal log, high positive relatedness values similar to the within-family relatedness values would have been expected between individuals in the same log. Although average within-family relatedness was relatively low at 0.21 AE SD 0.19, this should be expected for two reasons. First, extra-pair paternity is high in this species with 54.8% of offspring sired by extra-pair males and 70% of nests containing extra-pair young, reducing within-family relatedness by lowering relatedness between social fathers and their offspring and relatedness between siblings (Dillard, 2017) . Second, relatedness as it is reported here is a statistical measure that is dependent on the average population relatedness; in other words, if all individuals in the population share many alleles with one another, relatedness even between close relatives might be lower than expected (e.g. < 0.5 for full sibs or parent-offspring) (Queller & Goodnight, 1989) . Despite this generally low relatedness, only two pairs of adults in the population were observed with relatedness coefficients suggestive of first-order relative status (r = 0.41 and 0.36), and neither of these pairs was found in the same log. Similarly, neither adult males nor adult females when analysed separately exhibited higher within-than between-log relatedness (permuted Wilcoxon test: males, P = 0.37, average within-log r = À0.03 AE SD 0.05, average between-log r = À0.03 AE SD 0.07; females P = 0.44, average within-log r = À0.02 AE SD 0.05, between-log r = À0.02 AE SD 0.05), suggesting that neither sex remained in their natal log to breed.
Do parents provide prolonged care for adult offspring?
Do beetles behaviourally inhibit fungal growth on the frass resource?
Visual inspection of petri dishes containing deceased beetles revealed strikingly different results depending on whether or not a living beetle was present (Fig. 5) . First, we noted that the deceased beetles had been buried in frass in every replicate containing a living, active beetle within 72 h of beginning the experiment. No dishes that contained a living beetle experienced fungal growth until the very last observation day, when only a single replicate was found with fungus (1/18 dishes, or 5.6% of replicates). In contrast, fungal growth was first observed on two replicates without living beetles on the second day of the experiment. Replicates without living beetles also showed increasing fungal growth over the remaining days until 72% of these replicates contained some fungal growth (13/18 dishes). This final proportion of replicates that experienced fungal growth was significantly lower in those that contained living beetles than those that did not (Pearson's chi-squared test: v 2 = 16.83, d.f. = 1, P < 0.001).
Do young adults experience post-maturation developmental benefits from living with their families?
Young adults that remained with their family groups did not gain more mass or melanize faster than those artificially removed from their families ( Fig. 6 ; for model summaries, see Table 3 ). For both dependent variables, however, there was a significant effect of day, with individuals from both treatments gaining mass and becoming darker over time, save for a small uptick in reflectance in week 8 that was likely due to error in repeatability between sampling days rather than a significant biological occurrence. Individuals in family treatments experienced on average a 5.9% AE SE 0.01 increase in mass from the first to last time point, whereas those in solitary treatments underwent a 6.8% AE SE 0.01 mass increase.
Discussion
Dispersal and relatedness structuring
In this study, we assessed several factors hypothesized to influence delayed dispersal and family living in the horned passalus. Due to observations indicating short terrestrial movement in this species (Jackson et al., 2009) , we first asked whether limited mobility between breeding resources could constrain young adult dispersal and independent breeding in this species. Larval offspring that had not yet undergone dispersal exhibited more defined population structuring patterns than did breeding-age adults, suggesting dispersal-driven homogenization of genetic diversity across logs. We also found no evidence that genetic dissimilarity significantly increased with distance between breeding adults at this scale, suggesting that beetle movement is not as limited as previous behavioural studies have indicated (< 15 m (Jackson et al., 2009) ). Together, these findings indicate that natal dispersal might not be strongly limited in this species and that young adult beetles are capable of, and regularly undertake, cryptic long-distance dispersal from their natal breeding sites. Although these results do not dismiss the potential for other factors to hinder dispersal, such as risk of predation or low availability of nesting resources, they do demonstrate that mobility between nesting resources per se is not a limiting factor on horned passalid dispersal. This finding is consistent with evidence from other cooperative insect species that have revealed no support for availability and distribution of nesting resources limiting dispersal by helpers. Studies experimentally increasing the availability of nest sites have produced no effect on totipotent worker dispersal in either the facultatively eusocial hover wasp, Liostenogaster flavolineata (Field et al., 1998) , or the cooperatively breeding 
allodapine bee, Exoneura bicolor (Bull & Schwarz, 1996) . Log abundance, however, was not explicitly measured in our study, so we are unable to determine with certainty whether resource distribution could play a major role in passalid dispersal. Additional studies examining whether distribution and abundance of decaying logs influence population structuring in passalids will be useful in determining whether or not availability of nest sites is a limiting factor on insect dispersal.
Furthermore, out of the roughly 600 species in the family Passalidae, nearly all of which exhibit delayed dispersal and prolonged parental care, the horned passalid is the only species found throughout temperate North America, and one of the only temperate passalid species worldwide (Schuster, 2008) . How or why this species colonized the cooler regions of the earth is a mystery, but this distribution potentially suggests a singular dispersal capability that might not be present in other passalids. Because family living appears to be an ancient trait in this group, reduced dispersal could still in fact be a hallmark of the vast majority of passalids and a possible driver of the initial evolution of delayed dispersal, with the horned passalid simply being a particularly derived case with exceptional dispersal abilities. Similar studies on other related species restricted to the tropics might be useful in piecing together a better understanding of the general factors driving family living in this fascinating group.
Dispersal prior to breeding
For some cooperative breeders, the opportunity to breed in the natal nest before dispersing is a major benefit of family living, particularly for female helpers. For instance, in the cooperative ambrosia beetle, Xyloborinus saxesenii, one quarter of female helpers have been shown to lay eggs in their natal nest (Biedermann, 2007) . Female helpers in the cooperatively breeding Seychelles Warbler also contribute sufficient numbers of eggs to their parents' nest that the direct benefits of reproducing in the natal group actually exceed the indirect benefits of helping kin (Richardson et al., 2002) . Our analysis of kinship between breeding passalids sharing logs, however, did not suggest that young adults breed in their natal nest. If young adults stayed and reproduced in their natal log, we would expect kinship between neighbouring breeders in the same log to be high, perhaps suggestive of parent-offspring or sibling relatedness. Relatedness between breeders sharing the same log was no different from relatedness between breeders in different logs, and no pair of adult individuals sharing the same log were closely related enough to suggest first-order kinship. This suggests that unrelated beetles colonize logs independently rather than through 'budding' dispersal events. This also implies that they do not seem to exclude unrelated individuals from log resources as some other social insects do. Foundresses of the social sweat bee, Lasioglossum zephyrum, for instance, exclude individuals from nest sites based on perceived relatedness (Greenberg, 1979) . Passalids, however, excavate distinct nests within the larger log resource, with tunnels beginning to connect presumably only after extensive tunnelling through the season (personal observation). This more 'colonial' nesting pattern likely reduces both the need and ability of inhabitants to exclude unrelated individuals.The finding that adults of breeding age within logs are not closely related is particularly intriguing because it also suggests that young adults do not stay with their family group long after reaching sexual maturity. Although delayed dispersal is generally defined as occurring when offspring remain with their families after reaching reproductive maturity, we agree with Ekman et al. (2004) that this strict definition precludes the study of interesting variation among dispersal strategies. A general understanding of the evolution and maintenance of delayed dispersal is contingent upon a broad understanding of the continuous variation in dispersal behaviour in family-living species. The horned passalid provides a unique model in which to study the factors that have shaped prolonged family living without substantial reproductive suppression of young adults. Further investigations of family-living species that exhibit more intermediate forms of delayed dispersal such as these are likely to provide useful insight into the evolution of family-based cooperative societies.
Prolonged parental care of adult offspring and the benefits of staying in the natal nest
In this study, we also assessed whether passalid parents provide extended care to offspring that remain as adults in the natal nest. Our studies show that breeding-aged adult passalid beetles are very well equipped to inhibit fungal growth in their colony by manipulating frass and conspecific corpses. This is well in line with findings from other subsocial insects for which antifungal behaviour is a major benefit of parental care and an important component of social living (Rozen et al., 2008; L opez-Riquelme & Fanjul-Moles, 2013; Sun & Zhou, 2013; Boos et al., 2014) . Earwig mothers, for instance, fastidiously groom their eggs, providing both mechanical and chemical inhibition of microbial growth (Boos et al., 2014) . Removal and burial of corpses, also called necrophoric or undertaking behaviour, has also been well observed in the eusocial insects, with many detailed descriptions of undertaking in the social hymenopterans and termites (L opez-Riquelme & Fanjul-Moles, 2013; Sun & Zhou, 2013) .
Although this ability to moderate the microbial composition of the nest almost certainly aids in maintaining the integrity of the colony and resource, it seems unlikely that this could be a major driver of delayed dispersal in young adult passalids based on our results. First, although explicit data were not collected on this observation, young adults that were experimentally removed from their family groups did not seem to suffer from fungal growth, suggesting that all adult beetles are capable of fungal inhibition. Furthermore, young adults reared with their families neither gained more mass nor sclerotized faster than those that were experimentally moved to solitary enclosures, suggesting that neither fungal inhibition nor other more subtle parental behaviours facilitate post-eclosion development. Similarly, delayed dispersal has not been shown to positively influence post-maturation weight gain for helpers of the ambrosia beetle, Xyleborus affinis, either (Biedermann et al., 2011) . Interestingly, direct reproduction in the natal nest has also not been observed in X. affinis; rather, delayed dispersal seems to be driven primarily by the inclusive fitness benefits of caring for younger siblings in this species (Biedermann et al., 2011) . Observation of individual behaviour and family life is difficult in passalids due to their large size, specific resource requirements and long lifespans, and the extent to which young adults enhance their inclusive fitness through helping is currently unknown. Further investigations will be needed to confirm whether young adults gain kin selected benefits from helping their parents and siblings and whether these indirect benefits seem sufficient to favour delayed dispersal in this group.
It is worth noting that these results do not rule out the possibility of other unmeasured direct benefits of remaining in the natal nest. First, our study measured only weight gain and cuticle development as proxies of fitness, whereas more long-term fitness components, such as survival or fecundity, could also be enhanced from staying in the natal nest. For instance, parents might provide benefits that are only observed in certain contexts. Here, the benefits of family living were measured in a laboratory setting, whereas parents in nature might provide protection from predators, aid in thermoregulation or offer other currently unknown services. In addition, young adults might benefit from prolonged access to the resources of the natal nest, such as beneficial gut symbionts and frass (the mixture of predigested wood and faeces upon which both adults and larvae feed), rather than prolonged contact with their family members per se (Howard & Thorne, 2011; Nalepa & Arellano, 2016) . In our experiment investigating the effects of family living on young adult development, both solitary and family treatments contained frass, potentially precluding our ability to evaluate the benefits of extended access to this valuable resource. Much more detailed natural history work will be needed to fully understand the potential for more elusive benefits of parental care in this system. Alternatively, it is possible that young adults do not gain any additional benefits from remaining in the nest other than simply using it as a safe place in which to fully sclerotize and develop post-eclosion. This explanation seems at first appealing, particularly given that we have not yet demonstrated an adaptive function of prolonged family cohesion beyond eclosion in this system. Furthermore, the time it takes for teneral passalids to fully melanize and sclerotize is singularly long compared to the development time of other beetles, suggesting a need for a prolonged post-eclosion, predispersal phase (Hinckley, 1973; Herzig, 1995; Lovei & Sunderland, 1996; Schuster & Schuster, 1997; Lapointe et al., 2004) . For comparison, the coconut rhinoceros beetle, Oryctes rhinoceros, a wood-feeding scarab significantly larger than the subject of our study, spends 3 weeks in the pupal case as a teneral adult posteclosion and another 3 weeks to sclerotize and leave its nest following eclosion (Hinckley, 1973) . Horned passalids, however, emerge from their pupal cell with the help of their parents 2-3 days after eclosing as extremely callow tenerals and remain incompletely sclerotized for months in their natal nest (Schuster & Schuster, 1997; Jackson, 2010) .
It is unclear, however, whether the long period of sclerotization preceded delayed dispersal in the passalids or whether it evolved as a consequence of prolonged group living. Just as offspring altriciality, or helplessness, often co-evolves with parental care (K€ olliker et al., 2012) , it is possible that this long development period could have evolved in response to prolonged association with and protection by parents and the family group. Because we show that young adults do not appear to gain weight throughout the middle and later phases of the sclerotization process, it seems unlikely that delayed development serves to extend the maturation feeding phase, which might be expected if this trait evolved independently of prolonged family living. Furthermore, observations by Jackson (2010) indicate that 28% of dispersing beetles disperse before they become fully sclerotized, suggesting that complete sclerotization is not necessary for emigration from the natal log and thus probably not a major factor contributing to delayed dispersal.
Although we do not wish to speculate too much on this issue, we offer one possible tantalizing, yet untested, hypothesis for delayed development in the passalids. Social insects often use cuticular hydrocarbons (CHCs), long-chain hydrocarbon lipid molecules present on the cuticle surface, to gain information about kinship between individuals (Dronnet et al., 2006) , colony origin (Wagner et al., 2000; Lorenzi et al., 2004) , task specialization (Greene & Gordon, 2003) and reproductive status (Monnin et al., 1998; Smith & Liebig, 2017) . It has been shown in root weevils that these molecules are not present on teneral exoskeletons (Lapointe et al., 2004) . Just as young male helpers in avian systems often forego signalling breeding status via plumage and bill colour to maintain social harmony in their family groups (Karubian, 2008) , perhaps passalids also remain in this teneral state to avoid aggression from their colony mates. An examination of the cuticular compounds present on mature adults and tenerals, as well as behavioural experiments investigating individual's responses to adults in different stages of sclerotization, could test this hypothesis.
Conclusions
In this study, we examined several potential factors believed to promote delayed dispersal in the horned passalus, including limited dispersal ability, opportunities for early breeding in the natal nest and prolonged parental care through adulthood. Interestingly, we were unable to find any of these factors sufficient to explain prolonged family living in this group. Instead, we ruled out some of the most obvious and general explanations for delayed dispersal, such as limited mobility, direct reproduction and a few putative mechanisms for prolonged parental care. Nonetheless, these results are valuable for having revealed significant insight into the behavioural and ecological nuances of family living in a species with ostensibly primitive cooperative and social traits. Although these results suggest that young adult horned passalids might not remain in family groups past sexual maturity, species such as this can still provide valuable insight into the evolution of both cooperative breeding and delayed dispersal. Passalids offer an interesting family-living example on the continuum between pair and cooperative breeding. Species that engage in prolonged family living yet do not exhibit reproductive suppression or extensive cooperative care offer the key to understanding the factors that might facilitate the evolution and maintenance of the basic family structure from which more complex societies are formed. Our inability to find support for some of the most general explanations for prolonged family living in a system such as this suggests that there is still much to learn and understand about the processes that give rise to family-based cooperative societies. These results also raise the possibility that the factors promoting delayed dispersal beyond reproductive maturity might actually differ in important ways from those that favour prolonged family cohesion. Further investigations of behaviourally intermediate species such as the horned passalid for which delayed dispersal and reproductive suppression are decoupled should provide substantial insight into the evolutionary processes that shape family-based societies.
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